Editorial Comment
Flow in the Descending Aorta A Turn of the Screw or a Sideways Glance? James D. Thomas , MD F luid dynamics is an enormously complex field of study, both experimentally and theoretically, but is well outlined in a recent overview of the topic.' The nonlinear partial differential equations that govern fluid flow yield such a bewildering array of possible solutions that study of fluid dynamics in physics curricula is frequently deferred until such esoteric subjects as general relativity and quantum electrodynamics have already been considered. Experimental study of fluid flow is equally complex, because one must characterize a fluid system by relating four dependent variables (pressure and the x, y, and z components of velocity) to four independent variables (the x, y, and z spatial coordinates and time).
See p 1985 Thus, it is not surprising that our understanding of blood flow in the aorta, a seemingly simple problem, is far from complete. In this issue of Circulation, Frazin et a12 propose using transesophageal echocardiography to assess the degree of rotatory flow in the descending aorta. This approach has much to recommend it, because Doppler flow mapping can be used to investigate a full two-dimensional slice of the aorta (three-dimensional if time is included) in a single procedure in an awake patient without disturbing the flow field. However, there are a number of theoretical, geometric, and technical factors to consider in Doppler velocity mapping that must be kept in mind in interpreting the data of Frazin et al.
Detection of Rotatory Flow by Doppler Flow Mapping
Frazin et a12 noted frequently, as evidence of rotatory flow in the aorta, that blood on one side of the aorta appeared red by color Doppler mapping (i.e., was directed toward the transducer) while blood on the other side appeared blue (was flowing away from the transducer) as shown in Figure 4 of their article. They interpreted this as indicating helical flow around the long axis of the aorta. Such flow would indeed produce this color Doppler pattern if the aorta were imaged across its true short axis. However, this is not the only flow pattern that would lead to this result: straight flow in the aorta imaged with a slightly rotated scan sector would produce much the same red and blue semicircles.
To see how this could happen, one must recall some of the limitations of Doppler imaging. First of all, the Doppler effect detects only one of the three components of blood velocity, the component parallel to the ultrasound beam. Any component of flow directed perpendicular to the scan line thus is not detected. Second, because ultrasound is emitted radially from the transducer, the scan lines are not parallel to each other, and thus different velocity components are detected in different parts of the color Doppler sector. This means that a uniform velocity field will have a nonuniform color map, based on individual scan line directions.
Suppose, for instance, that the descending aorta were imaged in a long axis plane with flow going from left to right across the sector. One would expect the flow to appear red on the left side of the sector (where the velocity is toward the transducer) and blue on the right side (where it is away from the transducer), with no color in the center (where flow is perpendicular to the scan line). Now suppose the transducer is rotated to obtain a short axis view. At the start of this rotation, the red-blue color appearance will persist, because a significant velocity component is still directed left-to-right across the sector. Indeed, this appearance will persist until the aorta is imaged almost perfectly across its short axis. If 4 is the angle that the ultrasound sector is rotated out of the short axis plane, then the velocity component projected onto the sector is proportional to the sine of 4. For example, a 200 misalignment would project sine 200 or 34% of the actual velocity onto the sector, producing an appearance similar to Figure 4 But would not such a 200 misalignment produce a visibly elliptical aortic cross-section? Unfortunately not, because the apparent eccentricity varies as the reciprocal of cosine 4. A 200 misalignment only stretches the aortic cross section by 6% left-to-right, a barely perceptible distortion. Thus, on the basis of a single imaging plane, it is difficult to be sure that the appearance of the red-blue semicircles is actually due to rotatory flow rather than a slightly rotated view of straight flow. A possible reason for such misalignment is that the descending aorta and esophagus are not parallel to each other; rather, the aorta courses behind the esophagus, moving left to right at about 150 to the esophagus, predisposing to a red-toblue Doppler image.3 With this possible technical limitation in mind, it is worth examining what is known about flow in the aorta to put the current data in perspective.
Flow in the Descending Aorta To understand flow in the descending aorta, one must consider the development of flow in a curved pipe (like the ascending aorta and arch), for which there is much experimental and computational data.45 Consider first the simplest approximation of steady, fully developed laminar flow in a curved pipe; in this special situation, it is well established that the highest velocity is on the outside of the bend and the lowest on the inside. In addition, centrifugal forces cause the fluid to stream from the inside of the bend across the center of the pipe to the outside wall, where it splits to the left and right to flow along the walls back to the inside of the bend.5 The appearance thus is of dual vortexes, one with clockwise circulation, the other counterclockwise, causing individual red blood cells to follow spiral pathways.
However, flow in the aorta is considerably more complex than this relatively simple situation might suggest. For one thing, blood enters the aorta with a flat velocity profile,7 causing the maximal velocity in the upper ascending aorta to be along a path near the inside of the bend, an observation predicted theoret-ically8'9 and seen in vitro10 and in animal"l-14 and human15-17 studies. The pulsatile nature of aortic flow also has important effects. During the acceleration phase of systole, flow is more stable than it would be otherwise, with less of a tendency toward turbulent transition,18 but during deceleration the flow is less steady, and transition to turbulence is commonly observed.'3"1920 Furthermore, the combination of flow deceleration and variable curvature frequently causes flow separation along the inner wall of the upper ascending aorta, with abrupt velocity reversal along this wall late in systole.14 '16'17 Despite the obvious complexity of the physiological situation, the dual vortexes predicted in simple curved pipe flow have been observed in the ascending aorta and arch. Such oppositely twisting vortexes would produce an image like Figure 3 in Frazin et a12 if that view had been obtained from the inside of the bend. This shows flow directed away from the transducer (blue) crossing the center of the aorta, with returning flow along the outside of both the left-and right-hand walls (red). The rotatory sense of these two vortexes is opposite and thus there is no net circulation around the pipe. But the data of Frazin et al suggest a single dominant vortex in the descending aorta circulating about the vessel axis. There are two possible ways such a single vortex might emerge from the aortic arch. First, the aorta has a helical shape (not a flat curve), which lends a chirality to the flow that might favor one vortex over the other; indeed, theoretical analysis predicts that for very slow flow (about 1% of physiological velocities) only one vortex would develop.21 Second, the distal lips of the arch vessels protrude slightly into the aorta'4 and might selectively "pick off' one of the vortexes, allowing the other to spread across the vessel.
In general, the velocity of circulating flow in the aorta is not well established. In vitro models have shown maximal rotatory velocities on the outside of the dual vortexes to be 10-20% of the peak axial velocity.7"10 Convincing evidence of a single vortex exiting the aortic arch has not been shown. Indeed, careful analysis of a model quite similar to the in vitro one used in the current study2 showed well-developed dual vortexes with little apparent net circulation.10 Furthermore, theoretical and canine experiments have shown the dual vortexes to die out rapidly in the descending aorta, particularly in diastole.14 The fact that these prior studies argue against significant rotatory flow in the descending aorta make the observations of Frazin et a12 particularly interesting, especially because human data on this topic are so scarce. However, because the observation of redblue semicircles within the aortic Doppler image does not guarantee the presence of rotatory flow, one should interpret these data with caution and seek more quantitative ways of addressing the question.
Quantification of Flow by Doppler Echocardiography
There are two major problems to overcome in characterizing a velocity field. The first is orientation of the scanning sector into a true short axis plane to ensure that no axial velocity components are detected. A simple solution to this difficulty would be to use a biplane transesophageal probe with two orthogonal imaging planes, currently available from several manufacturers. Aligning the probe so that one sector cuts the aorta in its long axis, perpendicular to the central scan line, ensures that the orthogonal sector passes through the true vessel short axis. The advantage of this is that errors in long axis alignment are much more obvious than when looking at the short axis orientation alone.
The second consideration is quantification of blood velocity from the Doppler flow map. Using the actual velocities coded in the colors would be preferable to simply looking for red or blue. One approach is to use the color bar on the screen to decode the velocity,22'23 but this is limited by distortion caused by videotaping and the narrow color bandwidth of the commercial video standard. Even better would be to analyze the raw data of the velocity map directly, and recently several manufacturers have begun providing digital interfaces to these data. 24 Even such accurate data as would be provided by these improvements would provide only one component of velocity, which does not uniquely specify the full flow field. The three velocity components can only be obtained from three noncollinear transducer locations. Because the esophagus is a linear structure, completely unambiguous velocity determination may be impossible. However, blood is incompressible and has zero velocity on the aortic wall, and these facts may allow the full velocity vector field to be reconstructed. 25 In summary, flow in the thoracic aorta is exceedingly complex and incompletely characterized. There is no question that rotatory velocity components are present in the aortic arch, and this vorticeal flow likely is convected partly into the descending aorta. The data provided by Frazin et a12 are consistent with the presence of predominantly right-handed helical flow in the descending aorta. However, this is not the only interpretation of the data, and similar red-blue semicircles may be generated by imaging purely axial flow with a sector rotated slightly off the true short axis. Thus, although this study is a first step in the quantitative analysis of transesophageal Doppler mapping, it is clear that much work remains to prove unambiguously the presence and magnitude of rotatory flow in the descending aorta.
